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ABSTRACT
Because of the difficulties in setting up arrangements in the intertidal zone for free-air carbon dioxide
enrichment experimentation, the responses to increasing atmospheric carbon dioxide in mangrove forests are
poorly studied. This study applied box model to overcome this limitation, and the relative changes in present
level of reservoirs organic carbon contents in response to the future increase of atmospheric carbon dioxide
were examined in the Avicennia-dominated mangrove forest at the land ocean boundary of the northeast coast
of the Bay of Bengal. The above- and below-ground biomass (AGB BGB) and sediment held different carbon
stock (53.2092.87Mg C ha
 1 (mega gram carbon per hectare) versus 18.5292.77Mg C ha
 1). Carbon
uptake (0.348mg C m
 2s
 1) is more than offset by losses from plant emission (0.257mg C m
 2s
 1), and litter
fall (13.52mgCm
 2s
 1) was more than soil CO2 and CH4 emission (8.36 and 1.39mgCm
 2s
 1, respectively).
Across inventory plots, Sundarban mangrove forest carbon storage in above- and below-ground live trees and
soil increased by 18.89 and 5.94Mg C ha
 1 between June 2009 and December 2011. Box model well predicted
the dynamics of above- and below-ground biomass and soil organic carbon, and increasing atmospheric
carbon dioxide concentrations could be the cause of 1.1- and 1.57-fold increases in carbon storage in live
biomass and soil, respectively, across Sundarban mangrove forest rather than recovery from past disturbances.
Keywords: carbon stock, CO2 sensitivity, box model, mangrove forest, India
1. Introduction
In the past decade, anthropogenic emissions of CO2,
primarily as a result of fossil fuel burning, increased at a
rate of 3.4% per year. The level of CO2 concentration in
the atmosphere at the advent of the industrial revolution
in the 19th century rose from 280ppmv to the present level
of 388ppmv and is estimated to hit 525ppmv by 2100
(IGBP, 2009). Experiments have unequivocally shown that
plants can grow faster in a CO2-enriched atmosphere
(Wullschleger et al., 1995; Curtis and Wang, 1998; Norby
et al., 1999). Increasing uptake by the biosphere in response
to the fossil-fuel driven increase in atmospheric CO2
(CO2 fertilisation) could slow down the rate of increase in
atmospheric CO2 (Cramer et al., 2001; Thompson et al.,
2004). The contribution of CO2 fertilisation to the future
global C cycle has been uncertain, especially in forest
ecosystems that dominate global carbon sequestration.
For correct prediction of the magnitude of CO2 fertilisa-
tion effect on net C exchange with the atmosphere, it is
necessary to define a model on the basis of experimental
data (Norby et al., 2005). Box model approach has been
used for budgeting various biogeochemical processes in
the ocean (Frost and Franzen, 1992; Berner, 1994) and
estuaries (Mukhopadhyay et al., 2006).
The implications of such a model could be used to guide
management decisions with respect to a global carbon
sequestration program in the tropical forest ecosystem.
Tropical forests process about six times as much carbon
as the global anthropogenic emission. Changes in carbon
dynamics in tropical forests with 50% contribution to
global terrestrial gross primary production (GPP) (Grace
et al., 2001) could alter the pace of climate change (Adams
and Piovesan, 2005). Regional studies of carbon exchange
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(page number not for citation purpose)vary in showing the disequilibrium state of a tropical forest
and in increasing stocks of tree carbon (Phillips et al., 1998;
Lewis et al., 2009). Although mangroves account for only
0.7% of the tropical forest area (Giri et al., 2011), their in-
fluence on the global C cycle is disproportionate to spatial
extent with large C pools and strong C sinks (Chmura
et al., 2003). Global mangroves have C stocks of 3 10
14
mol C and net ecosystem production of 1.5 4.6 10
13 mol
Cy r
 1 (Twilley et al. 1992; Gattuso et al., 1998). Although
mangroves account for about 15% of the total C accu-
mulated in modern marine sediments, indicating its im-
portance in global C budget (Bouillon et al., 2008a).
Mangrove forest across Indo-Pacific region-spanning 308
of latitude and 738 of longitude is dominated by Bruguiera
(Borneo, Indonesia) and Rhizophora (Sulawesi, Indonesia).
It is one of the most carbon-rich forests in the tropics and
contains about 2.5-fold greater carbon storage (on average
1023Mg carbon per hectare) relative to Boreal, Temperate
and Tropical upland forests (Donato et al., 2011). The
CO2 FIX V.2 is a version 2 of CO2 FIX model and is a
multicohort ecosystem-level model based on carbon ac-
counting of forest stands, including forest biomass, soils
and products. Up to date, CO2 FIX V.2 among the several
models (Dewar, 1991; Mery and Kanninen, 1999; White
et al., 2000) developed for estimating the carbon seques-
tration potential has been found applicable to selected
temperate and tropical forests (Masera et al., 2003) and the
approach for modeling carbon sequestration in the man-
grove forests among the most carbon-rich forests in the
tropics could be different from Boreal, Temperate and
Tropical upland forests (Donato et al., 2011). The existing
simulation models for mangroves are not useful for wider
application in the context of global climate change (Berger
et al., 2008) and are limited to Bruguiera dominated
mangrove forest (Luo et al., 2001).
The Indian Sundarbans mangrove forest at the land 
ocean boundary of the Gangetic delta and the Bay of
Bengal covers an area of 9630km
2 out of which 4264km
2 is
law-protected forest. It is the largest delta on the globe
(world heritage site: http://www.unesco.org/en/list/452)
and covers about 2.84% of the global mangrove area
(15 10
4km
2). Sundarban mangrove forest is a sink for
CO2 (Ganguly et al., 2008), and it could be more sensitive
to increasing CO2 during the course of climate change.
Because of the difficulty for easy access in this tiger- and
snake-inhabited Sundarban mangrove forest as well as
technical problem for field experiment under water logged
condition of the swamp during high tide, studies that
address the interactive effects of increasing CO2 concentra-
tion on the carbon sequestration of this mangrove forest
are lacking. To take into account the responses in the
ecological and physiological processes to various environ-
mental constrains, fluxes between biosphere-atmosphere-
sediment under in situ conditions were incorporated into
the box model, and it was used as a tool to overcome the
difficulties for conducting the free-air carbon dioxide
enrichment experimentation at the land ocean boundary
in the Sundarban mangrove forest. In this study, we
synthesised data from the field surveys to parameterise
the box model to simulate the dynamics of this mangrove
forest in terms of forest biomass and sediment organic
carbon in response to elevated atmospheric CO2 concen-
trations. Our objectives were to: (1) quantify the partition-
ing of atmospheric CO2 in the above- and below-ground
biomass (AGB BGB) and sediment of the Sundarban
mangrove forest, and (2) predict the dynamics of above-
and below-ground biomass and soil organic carbon in
response to the future increase of atmospheric carbon
dioxide with the help of box model approach.
2. Study area, geology and soil
The study sites located in the Sundarbans (21832? and
22840? N; 88805? and 898E), India, is the focus of this study.
The area is covered with thick mangroves, and in 1985,
it was included in UNESCO’s list of world heritage sites.
It is the last frontier of Bengal flood plains, sprawling
archipelago of 102 islands out of which 54 are reclaimed for
human settlement. For a detailed description of the station
locations refer to Ray et al., 2011.
The tidal Islands at the central positions show elevations
of the order of 3 8m from mean sea level. Tide in the study
area is semidiurnal with tidal amplitude, i.e. 2.5 7m. Mean
current velocities range between 117 and 108cm s
 1 during
low tide and high tide, respectively (Mukhopadhyay et al.,
2006). Geologically the area is the result of extensive fluvio-
marine deposits of the river Ganges and Bay of Bengal and
the character of the sediment of the study site is silty clay
(sand 9.23%, silt 79.6%, clay 11.2%). The sediment is
composed of quartzo-feldspathic minerals (quartz, albite,
microcline) contributed from the eroded rocks of acidic
composition of the drainage basin. Flaky mica and chlorite
are also found to occur in the sediment, though incon-
sistent. The large tidal range and extremely gentle shelves
(1.2 4.08) with muddy substrate make water current
and tidal action quite appropriate for extensive mangrove
occurrence. Avicennia marina, Avicennia alba and Avicennia
officinalis are the dominant mangrove followed by other
mangrove species like Excoecaria agallocha, Ceriops decan-
dra, Aegialitis rotundifolia, etc.
3. Material and methods
Between June 2009 and December 2011, all measurements
were made monthly and quadrates (10 10m) were
selected randomly in west Sundarbans: Lothian Island
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Ecocamp (Stn.2, four quadrates), Prentice Island (Stn.3,
two quadrates), and in east Sundarbans: Bonnie camp
(Stn. 4, two quadrates) and Halliday Island (Stn.5, four
quadrates) for breast height diameter measurements of
mangrove trees. About 25m observatory towers con-
structed by the Ministry of Forestry, Govt. of WB, over
the mangrove forest stands at Stns 1, 2 and 4 were used
for micrometeorological observation. The facility of ob-
servatory tower at Stn. 3 was not available. Considering
the number of mangrove species in a quadrate and their
density, height and diameter, above- and below-ground
biomass (AGB BGB, MF) was obtained from allometric
equations separately. Diameter (dbh, diameter at breast
height) measurements were converted to carbon stocks
using allometric equations (Ray et al., 2011). Litters (FFS)
were collected from several traps (3 3m) made of nylon
screen in different site locations and suspended below the
canopy from branches of the trees at height sufficiently
above the ground to avoid tidal inundation. Core samples
were collected by using a corer made of stainless steel
(5.5cm inner diameter) at different depths up to 30cm from
surface and soil organic carbon (MS) was calculated from
bulk density (r 2.5g cm
 3) and the percentage of organic
carbon at each depth in the sediment profile of depth 0 
30cm (Ray et al., 2011). Carbon was estimated in different
components of dried plant material and soil using CHN
Analyzer (2400 series-11, Parkin-Elmer). The enclosed
static chamber technique (Bartlett et al., 1987; Van der
Nat and Middelburg, 2000) was used to measure soil CO2
and methane (CH4) emission (FSA). Estimation of soil CO2
emission by chamber technique does not differentiate
between autotrophic and heterotrophic soil respiration.
Mangrove ecosystems are generally considered net auto-
trophic, and have high productivity with a low ratio of
sediment respiration to net primary production (Yong
et al., 2011). The diameter at breast height (dbh) and
density were considered to estimate the above- and below-
ground biomass (AGB, BGB) using allometric equations
(Ray et al., 2011) and the biomass is converted to an
equivalent amount of carbon stock. The mean carbon stock
in terms of AGB and BGB obtained from different
quadrate values was expressed in mega gram carbon per
hectare (Mg C ha
 1).
Micrometeorological parameters were obtained from a
local meteorological office (Alipore, Kolkata), and incom-
ing radiation (418.5 435.2W m
 2) and height of mixed
layer depth (775 1039 m) were obtained from NOAA,
ARL database (http://www.arl.noaa.gov/ready.html). The
atmospheric CO2 concentration was determined by gas
chromatography at Stns 1, 2 and 4. The rate of CO2
exchange between the atmospheric and biosphere (FAF and
FFA) was calculated from the concentration difference (x)
between 10 and 20 m: Dx x10   x20, aerodynamic (ra) and
surface layer (rs) resistance. With exchange velocity, VC,
defined as 1/(ra rs), net flux, F, was calculated using the
relation (Barrett, 1998):
F ¼ VC Dv (1)
Negative F indicates net transfer from the atmosphere to the
biosphere and positive F, for emission. The aerodynamic
resistance, ra, describes the resistance to transport between
the reference height (Z) at which the concentration is
measured and the quasi-laminar layer next to the receiving
surface and can be evaluated as (Wesely and Hicks, 1977):
ra ¼
ln Z=Z0

  wc
ku 
(2)
Here, Z0 is roughness height and was determined from the
intercept (lnZ0) of the straight line obtained by plotting ln
Z versus u. k is the dimensionless Von Karman constant
(0.4), and cc is a correction function for atmospheric
stability, which serves to increase ra for stable condition
and to decrease it for unstable condition. The equations for
the correction functions are (Wesely and Hicks, 1977):
wc¼ 5Z=L for 0BZ=LB1 ðstable conditionÞ and
wc¼ exp ½0:0598 þ 0:39 lnð Z=LÞ  0:09flnðZ=LÞg
2
for 0 > Z=L >   1 ðunstable conditionÞ
(3)
The correction functions are expressed in terms of a
stability parameter Z/L, in which Z is the height and L is
the Obukhov Scale length. The friction velocity, u*, was
estimated from the wind velocity at 10 and 20m in the
following manner:
u ¼ku 10   u20 ðÞ =ln Z20   Z10 ðÞ : (4)
Gradients of wind velocity and temperature observed over
the canopy at 10 and 20m for computing aerodynamic
resistance were found well within the limit of sensitivity
(9 0.018C and90.01 ms
 1) of the used sensors.
Considering the stability classes of Pasquill: A F
(Pruppacher and Klett, 1997), the scale length, L, was
evaluated using the following:
1=L ¼ a þ b log Z0; (5)
where ‘a’ ranges between 0.035 and  0.096 and ‘b’ ranges
between 0.029 and  0.036 (Golder, 1972).
Pasquill stability classes in terms of wind speed, insola-
tion and state of sky were as follows: D F (stable) for
post-monsoon, B D (unstable) for pre-monsoon and E, F
for monsoon in the night-time and A C (unstable) for
post-monsoon, E, F (unstable) for pre-monsoon and B (un-
stable or occasionally stable) were observed in the daytime.
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surface transfer function, B
 1 (Wesely and Hicks, 1977)
and u* were used:
kB
 1 ¼ 2 K=Dc ðÞ
2=3 and rs ¼ B
 1=u  for forest cover ðÞ
(6)
where k is the Von Karman constant; K is the thermal
diffusivity of air and Dc is the molecular diffusivity:
Dc ¼ 0:115 T2=273 ðÞ
1:5; (7)
where T2 is the absolute temperature at 20m height
(Ganguly et al., 2008).
Only data from runs in near-neutral stability were
considered to minimise error (Mukhopadhyay et al.,
2002). Advective error varied between 0.001 and 7.15%
and storage error during stable condition varied between
4.2 and 21.6%. Results of model calculations for micro-
meteorological constants (aerodynamic resistance, ra, sur-
face layer resistance, rs, friction velocity, u*, exchange
velocity, Vc, correction function, cc, roughness height, Z0,
reciprocal of Obukhov Scale length, 1/L, thermal diffusiv-
ity, K,C O 2 molecular diffusivity and surface transfer
function, B
 1) calculated using wind velocity (u) and
temperature (T) gradient (10m, 20m) (Table 1) in the
above equations are given in Table 2. The flux values
reported here are to be considered as estimates rather than
absolute values. Total carbon stock in the boundary layer
over 4264km
2 of reserved forest (MA) was computed from
the mean CO2 concentration. From the difference between
night-time CO2 efflux from the forest and soil emission,
plant respiration (FFA) was calculated. Soil samples were
centrifuged for pore water salinity and were extracted in
potassium chloride (2mol L
 1) for the determination of
total inorganic nitrogen (TIN) and total inorganic phos-
phorus (TIP) by spectrophotometric method (Ganguly
et al., 2009). Statistical analyses were done by MINITAB
(version 13.1) and model equations were simplified by using
MATLAB, Mathworks, (version 7.1) during the study.
4. Box model
Box models are representations of a system in which
quantities of materials are depicted as uniform within
each box, and the flux between them is shown with arrows
depending on their net concentrations. Though wide classes
of natural processes like radioactive decay, many forms of
chemical decomposition, advective transport, and so on
increase in a rate proportional to the number of molecules
available and in many cases the increase could be smaller
than proportional; for example, carbon-dependent photo-
synthesis in the sea is limited by nitrogen and phosphorus.
In this study, the three box models for the carbon cycle with
non-proportionalities between fluxes and reservoirs con-
tents are considered (Rodhe and Bjorkstrom, 1979) for the
Sundarban mangrove forest systems (Fig. 1). There are
three coupled reservoirs of carbon in the model: (1) carbon
in the form of CO2 in the atmosphere (MA), (2) carbon in
the form of organic matter in above- and below-ground
biomass (MF) and (3) carbon in the form of organic
matter in sediments (Ms). Out of the total area of Indian
Sundarban (9630 km
2), mangrove surrounding water covers
about 18.5% and dissolved organic carbon (DOC), parti-
culate organic carbon (POC) and dissolved inorganic
carbon (DIC) could be important components of carbon
budgets (Bouillon et al., 2008b). In the Sundarban man-
grove ecosystem, the amount of carbon storage in the water
reservoir was estimated to be 1.54Tg (Mukhopadhyay
et al., 2006), being 19.6% of soil reservoir and 6.77% of
Table 1. Inter-annual variation of micrometeorological and physico-chemical properties (total inorganic nitrogen (TIN), total inorganic
phosphorus (TIP), pore water salinity (S) and organic carbon, (OC) of soil. (mean9standard deviation)
Parameters 2009 2010 2011
Temperature (8C) 10m 27.7792.97 24.992.24 25.5192.82
20m 27.5992.90 24.2192.39 23.8693.67
Wind speed (m s
 1) 10m 1.691.14 2.9391.59 1.1790.51
20m 2.791.89 3.5891.76 1.9391.01
CO2 (ppmv) 10m 373.596.02 37795.50 37894.26
20m 372.494.59 37497.54 37694.14
Rainfall (mm) 2500 1549 2219
Humidity (%) 72.77910.09 67.63916.56 70.2098.30
Solar radiation (W m
 2) 435.2 442.3 418.5
Mixed layer depth (m) 1039.4 835.8 775
TIN (mgg
 1) 2.9390.57 3.3391.25 1.790.05
TIP (mgg
 1) 0.3990.32 0.8390.36 0.1490.05
S 21.0594.67 24.1195.63 19.3394.93
OC (%) 0.6490.04 0.7990.42 0.7090.15
4 R. RAY ET AL.forest reservoir (Ray et al., 2011), and CO2 flux from the
water reservoir was found to be 0.56% (4.4 10
 5mg
m
 2s
 1; Biswas et al., 2004) of the mean soil emission.
Therefore, in this forest dominated ecosystem, the con-
tribution of water reservoir to the carbon dynamics has
been considered minimum, and the formulation of box
model in Fig. 1 does not include it to keep the model
approach simple and straightforward. The fundamental
processes involved in the model are: (1) the exchange
(uptake by plant productivity, FAF and emission by plant
respiration, FFA)o fC O 2 between the atmosphere and
forest, (2) the burial of above-ground biomass in the sedi-
ment through litter fall (FFS) and (3) upon burial, digenesis
of organic matter and its breakdown to CO2, CH4 and
recycle back to atmosphere (soil respiration, FSA). The
amount of carbon stored in the atmosphere is small com-
pared to the amount of carbon in the forest and sediment
reservoirs and any anthropogenic addition (DM) to the
atmosphere would follow the change of exchange rate from
the initial value FAFo, FFAo, FFSo, FSAo, to new value FAF,
FFA,F FS,F SA to adjust the level of reservoir carbon content
from MAo, MFo,M So to MA, MF,M S. In formulating the
mathematical equations describing the model, we assume
that the flux F out of a reservoir is related to the reservoir
content M by: (1) FAF FAFo (MA/MAo)
bA for atmosphere
to forest reservoir, (2) FFA FFAo (MF/MFo)
bF(1) for forest
to atmosphere reservoir, (3) FFS FFSo (MF/MFo)
bF(2) for
forest to soil reservoir and (4) FSA FSAo(MS/MSo)
bS for
soil to atmosphere reservoir and the adjustment rates and
equilibrium distributions are dependent upon the value of
the coefficients bA, bF(1), bF(2), and bS for reservoirs,
atmosphere, forest and soil, respectively.
In case the system receives an additional mass DM which
distributes (e.g. reservoir distribution is adjusted from the
initial value MAo, MFo,M So in the atmosphere, forest and
sediment, respectively, to MA, MF and MS) such that fluxes
in both directions are equal, the mass balance would be (5)
MA MF  MS MAo  MFo  MSo  DM.
Regression analysis and following formula of RMSE
(square root of the mean of the squared prediction error)
were used to examine the best-fit, i.e. the value when the
observed variable and the modelled variable have the best
agreement.
RMSE S
n
i 1(xm x0)
2/n, where xm is the modelled
value and x0 is the observed value, and n is number of
observed values.
5. Results and discussion
Annual movement of the Inter-tropical Convergence Zone
in this part of the world produces significant changes in
micrometeorological parameters throughout the year be-
cause of differential temperature and pressure in different
seasons. Climate in the region is characterised by the
southwest monsoon (June September), northeast monsoon
or post-monsoon (October January) and pre-monsoon
(February May); 70 80% of annual rain fall occurs during
the summer monsoon (Southwest monsoon). Inter-annual
variation of mean temperature, humidity and rainfall
ranged between 24.9 and 27.778C, 67.63 and 72.77% and
1549 2500mm. Mean temperature was the least in 2010
which was consistent with the maximum wind speed in the
same year. During the study period between 2009 and 2011,
atmospheric CO2 concentration was found to increase from
373.5 to 378ppmv and observed overall increase of 4.5 or
2.25ppmv yr
 1 at 10m is greater than standard error
(91.22 1.73ppmv). Inter-annual increase of CO2 is
consistent with a global increase rate of 2ppmv yr
 1
Table 2. Results of model calculation for micrometeorological constants (aerodynamic resistance, ra, surface layer resistance, rs, friction
velocity, u*, exchange velocity, Vc, correction function, cc, roughness height, Z0, reciprocal of Obukhov Scale length, 1/L, thermal
diffusivity, K,C O 2 molecular diffusivity and surface transfer function, B
 1
Month ra (s m
 1) ra (s m
 1) u*( ms
 1) Vc (m s
 1) cc Z0 (m) 1/L (m
 1) KD c B
 1
April (07.04.2011) (23 hours) 4.33 6.89 1.02 0.09 0.652 1.14  0.04 0.223 0.134 7.038
September (15.09.2011) (03 hours)  1.07 30.4 0.23 0.03 0.272 9.33  0.01 0.22 0.132 7.038
December (05.12.2011) (22 hours) 1.06 12.20 0.57 0.075 0.313 7.937  0.01 0.21 0.131 7.038
FFA FAF
FSA
FFS
MAo
Atmosphere
MFo
Forest
MSo
Soil
Fig. 1. Box model of the ﬂow of carbon between the reservoirs
and representing processes in the Sundarban forest.
IMPROVED MODEL CALCULATION OF ATMOSPHERIC CO2 5(IGBP, 2009). ANOVA test is carried out to find out if a
significant difference exists in the monthly CO2 concentra-
tion between years. Monthly CO2 concentration in three
different years significantly differs (F 4.21, p 0.021,
df 2, 33), and the interannual increase is significant. The
mean salinity of pore water, noted during 2010, is highest
ca. 24.1195.63 and lowest during 2011 coming down to
19.3394.93. Available nutrient pools are small (nitrogen
1.7 3.33mgg
 1, phosphorus 0.14 0.39mgg
 1) indicating
their rapid turnover in consistently warm temperatures
(Ganguly et al., 2009).
Carbon concentrations were found to be 42.4 43.05% in
stems, 42.09 42.5% in leaves and 34.6 42.1% in litter. The
carbon stock in the above- and below-ground biomass was
increased from 41.62 to 60.50Mg C ha
 1 during the study
period (Fig. 2). There is a clear difference between rate of
uptake and emission in CO2 flux above the canopy (Fig. 3a)
with uptake rate varied between 0.14 and 0.76mg C m
 2
s
 1 (mean 0.34890.14mg C m
 2s
 1), and emission rate
varied between 0.04 and 0.85mg C m
 2 s
 1 (mean
0.25790.16mg C m
 2s
 1). Monthly variation of litter
fall (Fig. 3b) was greater (6.15 44.7mgCm
 2s
 1 and
mean 13.5296.93mgCm
 2s
 1) than soil CO2 (2.28 
15.47mgCm
 2s
 1 and mean 8.3693.84mgCm
 2s
 1)
and CH4 (0.37 4.8mgCm
 2s
 1 and mean 1.3990.79mg
Cm
 2s
 1) emission. Soil organic carbon varied between
0.64 and 0.79% (Table 1), and total carbon storage in the
top 30cm of soil ranged between 16.43 and 22.37Mg C
ha
 1 with a mean of 18.3792.77Mg C ha
 1.
Regressions between (1) FAF (atmosphere to forest flux
FAF) and MA/MAo (relative changes in MA from the initial
value MAo), (2) FFA (forest to atmosphere flux) and MF/
MFo (relative changes in MF from the initial value MFo), (3)
FSA (soil to atmosphere flux) and MS/MSo (relative changes
in MS from the initial value MSo), and (4) FFS (forest to soil
flux) and MF/MFo (relative changes in MF from the initial
value MFo) were obtained using data for the period
between June 2009 and 2011 (Table 3). The model treats
C flux rate FFA, FFS as a function of C stocks (MF) with
explained variability of 65.95 and 45.48%, respectively,
indicating that other environmental factors could also
affect flux rates. The values of bA, bF(1), bF(2), and bS
were found  1 and both forest emission and litter fall are
strongly dependent upon the above-ground biomass reser-
voir and the internal adjustment is a fast process inside
the combined reservoir. By solving the box model equa-
tions 1 4 with the help of MATLAB, Mathworks, version
7.1, two equations are obtained: (6) MA 2.25 10
 24
(MF)
13.74 and (7) MS 1.77 10
 7 (MF)
4.75.
From eqs. (5) (7), the distribution of reservoir content
MAo, MFo and MSo was found to be 0.47, 49.85 and
21.03Mg C ha
 1, respectively, at CO2 level of 367ppmv in
the boundary layer. A sensitivity test was performed with
aC O 2 concentration increase from the present mean
367ppmv to 380, 400, 420, 460, 480, 500, 520, 540, 560
and 580ppmv and results are shown in Fig. 4. It also shows
an increasing trend with greater slope for Ms relative to MF
(Table 4). Model outputs of MF and MS were compared
with the observed values (2011) for the study sites (Table 3).
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Fig. 2. Monthly variation of organic carbon in above-ground biomass (AGB), below-ground biomass and soil organic carbon (Ms)
during the period between June 2009 and 2011.
6 R. RAY ET AL.Using Box model, the modelled and observed MF
(R
2 97.07, pB0.001) and MS (R
2 70.0, pB0.001)
reached the best agreement with RMSE at the minimum
(90.94 and 92.12Mg C ha
 1, respectively). The relative
changes in MF (AGB and BGB) and Ms were 1.1- and 1.57-
fold greater, respectively, than the present level at a CO2
level of 580 ppmv. The present study showed that a 1.58-
fold increase of atmospheric CO2 would increase AGB and
BGB (MF) by 10.1%, which is consistent with the 14 19%
increase of productivity in mangrove observed in the three
geographically separate mangrove forests dominated by
Bruguiera, Kandelia and Rhizophora across the southern
coast of China (Luo et al., 2010). Norby et al., (2005)
showed that the response of forest productivity to elevated
CO2 ( 550ppmv) in free-air CO2 enrichment experiment
in monoculture plantations of loblolly pine, and deciduous
sweet gum was highly conserved with a stimulation at the
median of 2392%. Under favourable conditions of low
vapour pressure deficit and low salinity tolerance (B15),
Avicennia assimilates CO2 (12.5 20.1m mol m
 2s
 1)b y
photosynthesis at a higher rate than many other mangrove
species (Alongi, 2009). In a brackish marsh community,
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Fig. 3. Monthly variation of (a) biosphere atmosphere exchange of CO2  C, (b) litter fall (FFS) and soil emission (FSA) during the period
between June, 2009 and 2011.
IMPROVED MODEL CALCULATION OF ATMOSPHERIC CO2 7Cherry et al., (2009) found an elevated CO2 stimulated
biomass production as a result of amelioration of negative
effects of salinity stress. Sherman et al., (2003) suggested
that the relationship between pore water salinity and forest
biomass was not robust because of co-variation of salinity
with other potentially stressful factors in the soil environ-
ment such as nutrient, H2S, pH and anoxic condition,
flooding frequency, and so on, which could interplay with
soil salinity, confounding the effects of soil salinity on
mangrove growth. In this study, the data for exchange of
fluxes between reservoirs to define the model were con-
sidered with a temperature variation of  28C between
25.51 and 27.77 and an atmospheric CO2 variation of
 7ppmv (Table 1). Since the study sites had average air
temperature close to the optimal level (258C) for photo-
synthesis of the majority of mangrove species (Hutchings
and Saenger, 1987), the impact of elevated CO2 concentra-
tion alone from 367 to 580ppmv on Sundarban mangrove
forests was prominent. However, increased CO2 could
probably ameliorate many of the negative responses to
stress (Miller, 1972), and its stimulating effects were
demonstrated with the increase of Ms and MF at all CO2
levels. The observed variability in the biomass (AGB 
BGB) with atmospheric CO2 and physico-chemical proper-
ties of soil with air temperature were used in VARIMAX-
rotated factor analysis, and the results are given in Table 4.
It showed the communality of the factor analysis that
expressed the percentage of elements variability explained
by the factor model and gave the variance explained
by each retained factor. Factor loading larger than ap-
proximately 0.3 were considered statistically significant
(Heidam, 1982). The five-factor model could explain
97.9% of the data variance. The first factor had high
loading and could account for 28.7% of total variance.
Association of biomass with atmospheric CO2 in the
factor 1 indicates the sensitivity of the ecosystem mainly
to elevated level of CO2 in the atmosphere over other
factors. However, OC (organic carbon), TIN (total inor-
ganic nitrogen) and TIP (total inorganic phosphate) in
association with salinity and temperature showed positive
loading in factor 2, 3, 4 and 5 indicating the role of salinity
and temperature on their variation. This suggests that the
increase of carbon stock in the Sundarban mangrove forest
could be due to the increase in atmospheric CO2 as
ecological theory predicts (Urquiza-Haas et al., 2007) and
observational evidence suggests (Lewis et al., 2009). Intra
and inter annual variation of soil organic carbon content
showed close relation with seasonal cycle of litter fall with
a maximum rate during November December (Fig. 3b).
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Table 3. Regression equations between the ﬂuxes and the
reservoirs
Model equations R
2 100 PN
1. FAF 0.332 (MA/MA0)
3.709 48.72 0.001 24
2. FFA 0.048 (MF/MF0)
50.95 65.95 0.002 24
3. FFS 0.010 (MF/MF0)
10.931 45.48 0.005 24
4. FSA 0.008 (MS/MS0)
2.322 46.62 0.004 24
5. MF 0.457 (CO2) 49.32 99.97 B0.001 12
6. MS 1.1 (CO2) 19.46 99.66 B0.001 12
7. Model MF 0.99 Observed MF 97.07 B0.001 20
8. Model MS 1.09 Observed MS 70.02 B0.001 20
Table 4. VARIMAX-rotated factor loading matrix for biomass with atmospheric CO2 (ppmv), air temperature (T) and soil parameters
(salinity, S; total inorganic phosphate, TIP; total inorganic nitrogen, TIN; organic carbon, OC)
Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Communality
Biomass  0.979  0.108  0.037 0.086  0.130 0.995
CO2  0.970  0.189 0.039 0.076  0.101 0.995
T (air) 0.131 0.006 0.038  0.969  0.206 1.000
TIP 0.166 0.793  0.499 0.035 0.174 0.936
TIN 0.197 0.134  0.140 0.234 0.932 1.000
S 0.167 0.940 0.202  0.026 0.051 0.956
OC (%)  0.025  0.015  0.979 0.037 0.108 0.972
Eigenvalue 2.0107 1.5782 1.2717 1.0102 0.9826
Percent of variation 28.7 22.5 18.2 14.4 14.0
8 R. RAY ET AL.CO2 enrichment could increase the partitioning of soil
carbon to slower cycling pools which is consistent with
evidence from the Duke Free-Air CO2 Enrichment experi-
ment. Luo et al., (2003) observed that elevated CO2 could
not stimulate the release of recently fixed carbon and
suggested that the fraction of easily decomposable organic
matter could be lower in soils from low latitude than high-
latitude forests (Valentini et al., 2000; Enquist et al., 2003).
The capacity of this mangrove ecosystem to store more
carbon could be attributable to the anaerobic sulphate
reduction for the major decomposition pathway of organic
matter (Ghosh et al., 2010) and its diagenetic conversion
to more refractory humic substances under waterlogged
anoxic condition of the soil (Eh  32.14 to  220.2mV;
Mandal et al., 2011) owing to a 20% rise in all sum-
mer monsoon rainfall by the end of the 20th century
(ScienceDaily, 2007) and a sea-level rise during the course
of climate change (Gilman et al., 2008).
6. Conclusions
Sundarban mangrove forest acts as sink for atmospheric
CO2 and is potentially sensitive for the increasing atmo-
spheric CO2.Carbonstorage increasedin above-andbelow-
ground live trees and soil (30cm from the surface) by 18.89
and 5.94Mg ha
 1 in response to the atmospheric CO2
increase from 373.5 to 378ppmv during the study period
2009 2011.Thisisanattemptforsimpleparameterisationof
boxmodelbasedonmassbalanceinthreecoupledreservoirs
(atmosphere, forest, and soil) of carbon. It provides a useful
tool to dynamically estimate the carbon stocks and flows
for mangrove forest, and to improve the estimates of the
carbon mitigation potential of mangrove forest options in-
cluding forest management. This approach can be extended
further to other tropical forests in this subcontinent.
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